ied. Introduction of new species into axenic conditions and maintenance of stable cell and tissue cultures is therefore essential as a start for in-depth investigation of the physiology and potential uses of bryophytes.
Pogonatum urnigerum (Polytrichaceae) is a relatively robust moss with characteristic glaucous green leaves that grows on well-drained acidic soil. The aim of the present study was to establish stable in vitro culture of this species and examine its development under axenic conditions.
MATERIALS AND METHODS
Fully developed Pogonatum urnigerum plants were collected on Mt. Kopaonik (SE Serbia) in autumn of 2005. Fresh, unopened sporophytes were surface sterilized by dipping in 25% commercial bleach (8% active NaOCl) for 3 minutes, and thoroughly rinsed in sterile deionized water. The cap was then removed and spores released on nutrient medium.
Two nutrient media were tested: MS [containing mineral salts and vitamins according to Murashige and Skoog(1962) , 3% sucrose, and 0.7% agar] and MS/2 (containing half-strength Murashige-Skoog mineral salts and vitamins, 1.5% sucrose, and 0.7% agar). In some ex-periments, 10 -6 M indole-3-acetic acid (IAA) or benzyladenine (BA) was added to the MS/2 medium. Prior to sterilization, pH was adjusted to 5.8. Cultures were grown at 25±2ºC under long-day conditions (16 h light/8 h dark). Light was provided by fluorescent tubes, and irradiance on the plant-growth shelf was 45 µmols -1 m 2 .
Fresh microscopic preparations were examined using a Leica DMLS microscope with a digital camera attached.
RESULTS
Spore germination began soon after introducing spores to nutrient media. Independent of the nutrient medium used (hormone-free MS or MS/2 medium), spore germination was evident after 8 days of in vitro cultivation. (Fig. 1) . Primary protonemata that emerged from germinated spores developed rapidly, and after three weeks both chloronemata and caulonemata were visible (Fig. 2 ). Even at this early stage caulonemata began to create bud-like structures.
At this stage further development was inhibited on MS medium, causing disintegration of chlorophyll and cessation of growth. Only a few "islets" of green calluslike tissue remained and continued growth as a callus tissue when transferred to MS/2 medium. Protonemata obtained from spores germinated on MS/2 medium continued elongation and formed many buds. In all further experiments, only MS/2 medium was used. After 90 days of subcultivation, a small percent of buds growing on MS/2 medium developed into plantlets (Fig. 3) , while at the same time some explants transformed into calli (Fig. 4) .
To test factors that influence further bud development, protonemata with buds were transferred to MS/2 media containing either 1 μM IAA or 1 μM BA. In the control group grown on hormone-free MS/2 medium, some protonemata developed plants in the course of 30 days. In IAA treated protonemata, only a few plantlets appeared, while protonemata began to lose chlorophyll without callus formation. After 30 days of BA treatment only non-green senescent calli and protonemata were visible (Fig. 5) TIJANA CVETIĆ ETAL. 58 Fig. 1 . Pogonatum urnigerum germinated spores 8 days after introduction on nutrient medium; the bar represents 100 µm. 
DISCUSSION
The formerly accepted protocol for bryophyte introduction into axenic culture developed in our laboratory (Sabovljević et al., 2002 was also successful in the case of Pogonatum urnigerum. Hormone-free media with half-strength MS mineral salts and vitamins allowed full gametophyte development. Despite extensive bud formation, only a small fraction of buds developed into gametophores, indicating that other factors such as light regime, temperature, medium pH, and osmolarity should be varied in order to activate more exten- sive gametophore development. Ours is the first report of callus formation in Pogonatum urnigerum, although this phenomenon has so far been reported for 18 other moss species (Felix, 1994) .
Callus formation and relatively fast senescence of protonemata are probably due to the fact that the protonemata of this species are not persistent in nature. In keeping with the habitat of this species, growing in liquid medium resulted in somewhat faster growth and delayed senescence (data not presented).
Addition of 1.5% sucrose to the media positively affected gametophyte development in P. urnigerum, which was also observed in Bryum argenteum (Sabovljević et al., 2005) and another polytrichaceous moss, Atrichum undulatum (Sabovljević et al., 2006b ). However, the level of sucrose influence on morphogenesis of different bryophyte species was not the same: in B. argenteum in vitro culture, aquite high index of multiplication was recorded with addition of 1.5% sucrose to the medium; in A. undulatum, on the other hand,normal gametophyte development was induced, as in the related polytrichaceous species P. urnigerum.
Of the five main groups of phytohormones, only auxins and cytokinins are documented as natural signal substances in mosses (Coveand Ashton, 1984; Boppand Bhatla, 1985) . Both of these hormone groups not only exist in mosses, but also have basic functions in the regulation of normal development. The known effects of auxins on moss development include inhibition of protonema growth, transformation of buds to filaments, torsion of young stems and complete suppression of leaves on gametophores (Bopp, 1953; Sokal et al., 1997) . Cytokinins have been shown to induce bud formation in protonemata cultures of some moss species (Speiss, 1975 (Speiss, , 1976 Takio, 1989; Christiansonand Hornbuckle, 1999; Bijelović and Sabovljević, 2003) . In our study, sterile spores germinated and formed protonemata that were able to produce buds without exogenous cytokinin supply. However, as in the case of Physcomitrella (Ashtonet al., 1979) , cytokinin treated buds did not develop into gametophores. Rapid senescence of tissue grown on 1 µM BA might indicate high endogenous levels of cytokinins, senescence being the result of supraoptimal concentrations caused by exogenous cytokinin supply. When auxin was applied, some gametophores but no rhizoids were formed, opposite to what was observed in Physcomitrella (Ashtonet al.,1979) . In studies of cytokinin action on different moss species (Speiss, 1976) , calli were obtained with most of the species, while the Polytrichaceae studied did not form calli. Atrichum undulatum formed calli when the growth medium contained 4% glucose and 0.2-2 mg/L benzyladenine (Ganget al., 2003), and Onoet al.(1988) reported that high sugar levels and high medium osmolarity were essential for callus formation. In our study, callus was obtained at low sugar and osmolarity values, again indicating that endogenous factors determine the development pattern, these factors being species-specific and probably of adaptive rather than evolutionary origin.
